The three-dimensional organization of the genome has been found to be critical in regulating gene expression programs in various cell types[@b1][@b2][@b3][@b4][@b5]. DNA is packed by histone and non-histone proteins into higher order chromosome structures within the nucleus of living cells. The spatial packing of each chromosome territory has been shown to be non-random[@b6][@b7]. Gene-rich chromosomes are interiorly positioned, while gene-poor chromosomes tend to be located towards the nuclear periphery. Recent evidence from chromosome FISH experiments has revealed that the relative position of chromosomes, and their intermingling, is correlated with transcription[@b8][@b9]. These intermingling regions, defined as chromosomal contacts, are generally formed amongst co-expressed genes. The chromosomal contacts are associated with 5 S phosphorylated RNA polymerase II (5 S RNA pol2), a transcriptionally active form of RNA pol2. In addition, such contacts are enriched with histone modification markers for decompacted chromatin, as well as specific transcription factors[@b10]. In addition, high-resolution genome-wide chromosome contact maps, revealed by chromosome conformation capture assays, show that specific chromosome contacts are coupled with cellular transcriptional status[@b11][@b12][@b13]. Furthermore, a number of studies have shown that co-expressed genes are spatially clustered within the nucleus[@b14][@b15][@b16]. Disruption of physical gene contacts abrogated their co-expression, confirming the requirement of gene contacts for their co-regulation. In spite of the significant importance of physical gene contacts, direct visualization of these contacts at the nanoscale level has not been achieved. This is primarily due to the inability to visualize individual genes, or a group of genes, within a crowded cellular nucleus, as well as the lack of appropriate superresolution 3D imaging methods.

Superresolution microscopy has been widely used to obtain well-resolved chromatin structures in both eukaryotic and prokaryotic cells using various labeling strategies[@b17][@b18][@b19][@b20]. For example, stochastic stimulation of a subset of fluorophores is achieved through either tagging histone proteins with photoactivatable fluorescent proteins[@b17], or incorporating EdU labelled with photoactivatable fluorephores using the 'click chemistry' approach[@b18]. For visualizing DNA, intercalating dye YOYO-1 has been shown to efficiently label DNA though binding/unbinding kinetics in a specific reducing-oxidizing buffer[@b20]. With these labelling strategies, it has been found that Drosophila metaphase chromosomes contains fine filaments of \~70 nm[@b17]. More recently, 3D STORM combined with oligonucleotide probes has distinguished the structures among active, inactive, and repressed chromatin[@b19]. In addition, telomeric chromatin structures have been visualized as T-loop structures using such methods[@b21]. However, the direct visualization of gene clusters has still not been achieved, primarily due to the crowded nuclear environment.

In this paper, we describe an open chromatin spread system that was developed by modifying our previously described method[@b22], and implementing the optimized 2D superresolution imaging technique to directly visualize the functional genomic contacts at a nanometer scale resolution. Briefly, we removed cytoplasm from attached cells, followed by fragmenting chromatin fibers using a restriction enzyme HindIII. We then immunostained isolated nuclei with short chromatin fragments for specific transcription factors and transcription machinery. After this, we applied a mechanical force to rupture the nuclei to obtain short chromatin fragments for superresolution imaging. Co-labeling of the proteins and DNA showed the preservation of transcription machinery and factors on the open chromatin spreads. The length of the short chromatin fragments matched the theoretical length after digestion, confirming the efficiency of HindIII. Superresolution imaging resolved the short chromatin fragments as structures with more than one DNA fiber associated with 5 S RNA pol2 and specific transcription factors. In serum-starved cells, we observed few contacts, whereas the amount of contacts increased significantly upon serum stimulation, indicating the functionality of the observed chromosomal contacts.

Using this method, we directly visualized specific chromosomal contacts, in particular those targeted by transcription factors/cofactors such as YAP, SRF, and NF-κB. Moreover, for cells with various geometric confinements or cytokine treatments, we observed differential levels of NF-κB target contacts. In this case, using EpiTect ChIP qPCR we also observed a consistent trend of promoter enrichment by NF-κB. It is worth noting that, by seeding cells sparsely onto glass slides, we were able to image chromosomal contacts from one cell without mixing contacts from other cells. Hence, this method also allows us to reveal heterogeneity in the level of specific contacts between cells. In summary, we report a novel open chromatin spread system that utilizes existing superresolution microscopy methods to visualize functional chromosomal contacts directly at a nanometer resolution. Our system could also serve as a robust platform to study the molecular mechanisms of contact formation.

Results
=======

BALM imaging of digested chromatin fragments
--------------------------------------------

To visualize chromosomal contacts associated with specific transcription factors, we advanced our open chromatin method[@b22] for chromosomal contact preparation, by incorporating one major modification. To dissociate chromosomal contacts from chromosome territories, we included a DNA digestion step using the HindIII restriction enzyme ([Fig. 1](#f1){ref-type="fig"}), which cleaves the A-A bond within the short AAGCTT sequence. The regions protected by transcription machinery are not cleaved. To spread chromatin fragments on glass slides, we ruptured the isolated nuclei encapsulating digested chromatin fibers, by mechanically compressing the swollen nuclei ([Fig. 1](#f1){ref-type="fig"}). Conventional microscopy imaging of digested chromatin spreads revealed short chromatin fragments with an average length of 1.5 μm. This is consistent with the theoretical length of chromatin fibers digested by HindIII ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}), The undigested chromatin spreads, on the other hand, were long and continuous fibers ([Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}).

Unlike other biochemical techniques, such as chromosome conformation capture (3 C)-based methods[@b23], we did not fix the cells in our method. This fixation step was omitted for three reasons. Firstly, the fixatives would introduce imaging artifacts of non-specific contacts. Secondly, fixed nuclei are more difficult to burst through swelling, and therefore the chromatin fragments would be poorly spread ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). Thirdly, the strong binding affinity between active transcription machinery and DNA preserves activated RNA pol2 and specific transcription factors on digested chromatin fragments even without fixation ([Supplementary Figs 6](#S1){ref-type="supplementary-material"}--8).

We then visualized the digested chromatin fragments using binding activatable localization microscopy (BALM) with a resolution of \~30 nm[@b20]. This imaging technique was developed based on a similar principle as photoactivatable localization microscopy (PALM)[@b24] and stochastic optical reconstruction microscopy (STORM)[@b25]. The illumination of a sparse set of fluorophores enables the detection of single molecules, and the repetitive capturing of such sparse sets of fluorophores on a total internal fluorescence (TIRF) microscopy was used to reconstruct superresolution images. Chromatin fragments were labeled with YOYO-1, a DNA intercalating dye that has an on/ off property under dynamic binding conditions in a reducing-oxidizing (ROXS) buffer: YOYO-1 that binds to DNA, in the on state, fluoresces 800--1000 times more compared to free YOYO-1 molecules[@b20]. Whereas conventional microscopy only resolved the chromatin fragments as blurred structures ([Supplementary Fig. 3a](#S1){ref-type="supplementary-material"},b), superresolution imaging of these digested fragments resolved the fine chromatin structures that contained more than one DNA fiber, which was termed as "branching DNA" based on the morphology of the structures ([Supplementary Fig. 3c](#S1){ref-type="supplementary-material"}). To characterize these well-resolved branching DNA, we measured the thickness of the thinnest DNA fiber within one branching DNA. We found that the average thickness was 30--35 nm. Notably, we previously measured the thickness of 2-nm thick λDNA using the same imaging strategy, and found that the average thickness was also 30--35 nm[@b22]. Due to the localization precision limit of superresolution microscopy, the actual 30-nm fibers would appear to be fibers thicker than 30 nm. This suggests that the fibers in digested fragments are much thinner than actual 30-nm chromatin fibers[@b26].

Branching DNA was lost upon transcriptional quiescence
------------------------------------------------------

To check whether these branching DNA structures are formed randomly (i.e. through the overlapping of one DNA fiber on top of another), or by functional clustering, we forced cells into a transcriptionally quiescent state by serum starving them for 36 hrs. We then stimulated a proportion of the serum starved cells with 10% FBS for 12 hrs to reboot their transcription activity. Interestingly, we found that in cells cultured with a normal serum supply, \~60% of the fragments were branching DNA. However, in transcriptionally quiescent cells, only \~20% of digested chromatin fragments comprised of branching DNA ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). This indicated that the formation of the branching DNA visualized using superresolution microscopy is dependent on the cells transcriptional activity.

To further confirm the branching DNA structures are transcriptionally specific, we immunostained 5 S phosphorylated RNA polymerase II (5 S RNA pol2) and the serum response factor (SRF) together with branching DNA, and carried out three-color superresolution microscopy imaging. We used TetraSpeck™ beads for channel alignment and drift correction. To avoid bias in quantification, we selected a small region of interest (ROI) around the chromosomal contact in the channel of DNA, and then we checked the channels of 5 S RNA pol2 and SRF respectively to see whether there are 5 S RNA pol2 and SRF clusters in this region. ROIs with both 5 S RNA pol2 and SRF signals were scored as positive. We found that in serum stimulated cells \~30% of the chromatin fragments were branching DNA associated with 5 S RNA pol2 and SRF, whereas in serum starved cells, less than 10% were 5 S RNA pol2/SRF associated branching DNA ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). These results suggested that our method could resolve digested fragments as branching DNA structures, which were further proven to be functional physical chromosomal contacts. In addition, our method could detect changes in the level of SRF target chromosomal contacts following serum starvation.

Visualization of YAP target chromosomal contacts
------------------------------------------------

Next, we applied our method to cells under distinct mechanical constraints to check if this method can reveal mechanosensitive chromosomal contacts. For this, we cultured mouse fibroblasts on micro-fabricated fibronectin-coated patterns to generate different cell shapes, and examined the YAP (Yes-associated protein 1) targeted chromosomal contacts. YAP is a transcription coactivator that relays mechanical signals from ECM rigidity and cell shape to the nucleus[@b27]. On big anisotropic substrates, YAP predominantly localizes in nucleus and its target genes are activated, whereas on small isotropic substrates YAP is excluded from the nucleus, and resides in the cytoplasm, with its target genes being quiescent[@b27].

To visualize the YAP targeted contacts, we prepared chromatin spreads by opening up the nuclei on big anisotropic and small isotropic substrates ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). Conventional microscopy imaging detected more YAP associated digested fragments on big anisotropic substrates, which was consistent with the nuclear localization of YAP ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). Superresolution imaging of these digested fragments further revealed chromosomal contacts associated with 5 S RNA pol2 and YAP ([Fig. 2a--e](#f2){ref-type="fig"}), with a significantly higher level of such contacts in spreading cells ([Fig. 2f](#f2){ref-type="fig"}). As shown in [Fig. 2a](#f2){ref-type="fig"}, some of the chromatin fragments were longer and not resolved as chromosomal contacts. These fragments were not considered in our quantification as they could be due to incomplete digestion of the DNA. These results suggested that our method could detect differential levels of YAP targeted chromosomal contacts regulated by cell shape.

Visualization of SRF target chromosomal contacts
------------------------------------------------

To ensure that chromosome contacts, modulated by cell mechanics, were not specific to candidate transcription factors, we further tested our method by visualizing serum response factor (SRF) target chromosomal contacts. In addition to YAP transcription factors, serum response factors also localize in the nucleus to regulate their target genes, when fibroblast cells are cultured on big anisotropic substrates[@b28]. Consistent with this, more SRF was associated with digested chromatin fragments in spreading cells cultured on big anisotropic substrates, compared to small isotropic substrates ([Fig. 3](#f3){ref-type="fig"} and [Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). Superresolution imaging of these fragments revealed chromosomal contacts associated with 5 S RNA pol2 and SRF ([Fig. 3a,b](#f3){ref-type="fig"}). Consistently, there was a significantly higher level of contacts associated with 5 S RNA pol 2 and SRF in cells cultured on anisotropic substrates ([Fig. 3c](#f3){ref-type="fig"}) compared to isotropic cells. Moreover, since the distance between isolated nuclei was large enough to capture the digested fragments of a single nucleus ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}), we were able to quantify the level of SRF targeted contacts within single cells. The error bars in [Fig. 3c](#f3){ref-type="fig"} indicate the variability in the amount of SRF target contacts among different cells. However, it should be noted that the percentage of functional contacts might be under-estimated as some contacts are lost during sample preparation. These results suggest that our method can detect SRF targeted chromosomal contacts at the single-cell scale.

Visualization of NF-κB target chromosomal contacts
--------------------------------------------------

Next, we checked if our method of visualizing chromosomal contact formation was sensitive to changes in the cytoplasmic to nuclear localization of transcription factors induced by cytokines. For this, we treated mechanically constrained cells with tumor necrosis factor alpha (TNF-α). TNF-α induces the nuclear localization of NF-κB transcription factors, and the subsequent expression of their target genes. As shown in [supplementary Fig. 8](#S1){ref-type="supplementary-material"}, we first established the nuclear localization of p65, a subunit of NF-κB, in the isotropic and anisotropic cells, as well as anisotropic cells treated with TNF-α. Cells on isotropic geometries show higher nuclear localization of p65 compared to anisotropic cells. Treatment of TNF-α on anisotropic cells increases nuclear p65 levels.

We then carried out superresolution imaging of chromosomal contacts in the aforementioned three cases: small isotropic cells, big anisotropic cells, and big anisotropic cells treated with TNF-α. Consistent with nuclear localization of p65, there was higher amount of digested fragments associated with p65 in isotropic cells. Addition of TNF-α to anisotropic cells also increased the amount of p65 associated chromatin fragments as visualized by conventional microscopy ([Supplementary Fig. 9](#S1){ref-type="supplementary-material"}). Furthermore, superresolution imaging revealed the chromosomal contacts targeted by p65 ([Fig. 4a](#f4){ref-type="fig"}). These were particularly enriched in isotropic cells, as well as anisotropic cells stimulated with TNF-α ([Fig. 4b](#f4){ref-type="fig"}). These results suggest that with the availability of specific antibodies, our method can detect the level of chromosomal contacts targeted by various transcription factors under different conditions.

EpiTect ChIP analysis reveals promoter occupancy of p65 on its target chromosomal contacts
------------------------------------------------------------------------------------------

To confirm the specific chromosomal contacts indeed contain particular promoter sites, we pulled down chromosomal contacts with magnetic beads coated with an antibody to p65, which served as a representative transcription factor. The DNA was then subjected to an EpiTect ChIP qPCR array with a library of primers for approximately 80 known p65 target genes ([Fig. 1](#f1){ref-type="fig"}). This experiment reveals the promoter occupancy of p65 on a set of genes that are likely to be contained in the pulled-down chromosomal contacts.

Under different conditions, the overall trend in the p65 promoter occupancy was similar to the trend of the chromosomal contacts level targeted by p65 ([Supplementary Fig. 10](#S1){ref-type="supplementary-material"}, [Fig. 4](#f4){ref-type="fig"}). Among the \~80 known p65 target genes, we found that 22 differentially associated with p65 in response to geometric confinement and cytokine induction. Changes in association were defined by a fold change cutoff of 1.5 ([Fig. 5](#f5){ref-type="fig"}). More interestingly, the genes that were sensitive to geometry confinement and cytokine induction generally were more enriched with p65 compared to those with less sensitivity ([Supplementary Fig. 10](#S1){ref-type="supplementary-material"}). This suggests that the promoters of these genes are more likely to be contained in the chromosomal contacts targeted by p65. These results suggest that the chromosomal contacts targeted by p65, and visualized in less-spread cells or cells with TNF-α treatment, contain promoter sites recognized by p65. Similarly, using libraries of primers for other groups of genes, one could know the genetic information of chromosomal contacts targeted by various transcription factors.

Discussion
==========

In this manuscript, we have described a method to systematically visualize functional chromosomal contacts by combining modified open chromatin spreads and superresolution microscopy. This method has important applications for directly assessing the nanoscale contacts that are formed between genes within the 3D nuclear architecture. A number of studies have visualized the co-clustering of genes using DNA and RNA FISH[@b13][@b14][@b29][@b30]. Such functional clustering is believed to be important in gene co-regulation, since the binding of the specific transcription factors to their respective genes, together with the RNA pol2 machinery, is more likely to occur when all factors are in spatial proximity. However, as such spatial clustering could not be visualized using existing technology, these associations could, until now, only be indirectly correlated to co-regulation and co-clustering.

Our method takes advantage of the fact that chromosomal contacts are tightly fixed by active transcription machinery and transcription factors. After dilution, non-specific contacts, which were present due to the crowded nuclear environment, were removed. Functional chromosomal contacts were spread onto glass slides. DNA was stained, and antibodies to active transcription machinery and transcription factors were used to visualize these structures. We employed a variant of PALM imaging known as BALM, which enables visualization of intact chromatin fibers at the resolution of \~30 nm[@b20]. With this method, we revealed the nanoscale structures of serum responsive clusters, YAP, and NF-κB gene clusters and quantified the level of these structures depending on the functional state of the cells.

To further validate if the chromosomal contacts contain specific promoter sites, we purified the contacts using antibody-coated magnetic beads, and carried out EpiTect ChIP assays using magnetic beads coated with antibodies to p65. These revealed that the clusters were enriched for p65 transcription factors. Furthermore, the level of p65 bound clusters correlated with promoter occupancy of p65 target genes.

Taken together, we describe a method to visualize functional gene clusters within the cell nucleus, and show that these clusters are correlated with the promoter occupancy of specific transcription factors. Our method opens a novel platform to directly visualize transcription-dependent nanoscale clustering of genes. We suggest that such imaging methods, combined with the sequencing of gene clusters, will provide avenues to map the spatial configuration of genes that are in physical proximity in cell type specific transcription regulatory networks. Such methods will be valuable in analyzing gene clusters in normal cells and in cells related to specific disease states.

Methods
=======

Cell culture, micropatterning, and cytokine induction
-----------------------------------------------------

NIH 3T3 fibroblast cells were cultured in low glucose Dulbecco's modified Eagle's medium (DMEM, GIBCO, New York, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% (vol/vol) penicillin streptavidin (GIBCO, New York, USA) at 37 °C in 5% CO~2~. Glass slides were cleaned with 100% ethanol, and spin-coated with Polydimethylsiloxane (PDMS). This was followed by microprinting with fibronectin-coated PDMS stamps. After that, 65,000 cells were seeded for 10--15 min on fibronectin islands with different shapes. Non-adhered cells were removed and the remaining cells were washed once with DMEM, and incubated for 3 hrs at 37 °C in 5% CO2. In cytokine induction experiments, 25 ng/ml TNF-a (Sigma-Aldrich, USA) was added to cells after 3hrs incubation for 30 min.

Serum starvation and stimulation
--------------------------------

NIH3T3 cells were starved by culturing them in low glucose Dulbecco's modified Eagle's medium (DMEM, GIBCO, New York, USA) supplemented with 1% fetal bovine serum (FBS, Gibco) and 1% (vol/vol) penicillin streptavidin (GIBCO, New York, USA) at 37 °C in 5% CO~2~ for 36hrs. Serum stimulation was achieved by replacing the serum-poor DMEM with normal DMEM supplemented with 10% FBS for 12 hrs.

Preparation for digested chromatin spreads
------------------------------------------

After NIH3T3 cells were treated with serum starvation/ stimulation, geometry confinement, or cytokine induction, the cytoplasm was removed by incubating cells with lysis buffer containing 2 mM MgCl~2~, 10 mM Tris-HCl (pH 7.4), 1X protease inhibitor cocktail, and 1% Triton for 2 min on ice. Isolated nuclei were gently washed with digestion buffer twice, and then incubated with FastDigest HindIII (Thermo Fisher Scientific, USA) containing 1X protease inhibitor cocktail for 20 min at 37 °C. After that, the nuclei were incubated with 1% BSA, containing 1X protease inhibitor cocktail for 1hr at room temperature. This was followed by incubation with primary antibodies for RNA Polymerase II CTD repeat YSPTSPS (phosphor S5) (Abcam- ab5131, 1:500), RNA Polymerase II CTD repeat YSPTSPS (phosphor S5) (Millipore- 04--1572, 1:500), Serum Response Factor, SRF (Santa Cruz biotechnology, USA, sc-335, 1:100), NF-kB p65 (Cell Signaling Technology, 8284, 1:300), and YAP1 (Abcam ab56701, 1:200), and corresponding secondary antibodies. Labeled nuclei were then swollen with deionized (DI) water for 10 min, and rinsed twice with blinking buffer (50 mM Tris-HCl, 50 nM NaCl, 1 mM EDTA, 1 mM Methyl Viologen (Aldrich, USA), 10 mM L-Ascorbic acid (Sigma, USA), pH 7.5) together with 100 ng/ml of YOYO-1 (Invitrogen, USA). Following nuclei rupture, either direct confocal imaging, or superresolution imaging was carried out. All experiments were performed in triplicate.

Confocal imaging and image analysis
-----------------------------------

Images were captured with a Nikon A1R microscope using a 100x, 1.4 NA oil objective. Imaging conditions were kept the same in all of the experiments.

Super-resolution imaging and image analysis
-------------------------------------------

Super-resolution imaging was performed on a Zeiss Elyra P.1 microscope, equipped with an oil-immersion objective (alpha "Plan-Apochromat" 100X/1.46 Oil DIC) and total internal fluorescence (TIRF) illumination. Emitted fluorescence was collected by the same objective and captured by an Andor iXon 897 back-thinned EMCCD camera. Integration time per frame was 33 ms at full laser power for the 488 channel, and 50 ms for the 561 and 647 channels. The laser power of 561 nm and 647 nm required adjustment according to the staining condition. Typically 10,000 frames were collected, which corresponded to a measurement duration of 5--10 min for each channel. XY drift and channel misalignment was corrected by localizing 0.2-μm TetraSpeck^TM^ beads (Invitrogen, USA) immobilized on the sample coverslip. For super-resolution data analysis, the raw data was processed using Zeiss Zen software to detect single-molecule events above the background noise (more details are described in[@b18]). After reconstruction, a super-resolution image and a table containing the x-y coordinates of all the single-molecule events were obtained. In the post-processing step, events which were above the 20 nm localization limit were discarded. A super-resolution (SR) image was generated by fitting each event with the Gaussian function. The exported SR images were then processed in ImageJ.

Chromosome contact pull down and EpiTect ChIP qPCR
--------------------------------------------------

### Fixing and preparation for immunostaining

NIH3T3 cells (approximately one million) that were geometrically confined, and treated with cytokines, were fixed with 2% formaldehyde for 5 min at room temperature (RT) followed by quenching with 127 mM glycine for 10 min at RT. Cells were washed with Phosphate-buffered Saline (PBS). The nuclei were prepared in lysis buffer (10 mM Tris-HCl (pH 8), 10 mM NaCl, 0.2% IGEPAL CA-630(Sigma)) with protease inhibitor cocktail (Roche) for 30 min on ice with intermittent agitation. Nuclei were washed with 1x Fast Digest (FD) buffer (Thermo Fisher Scientific). 400 μl of 1 x FD buffer and 6 μl of 20% SDS was added to the nuclei and incubated at 37 °C for 60 min with constant agitation. 40 μl of 20% Triton X-100 was added and incubated at 37 °C for 60 min with constant agitation. 30 μl of HindIII (50 U/μl; Thermo Fisher Scientific) was added and incubated at 37 °C for overnight with constant agitation. Nuclei were washed with PBS and blocked with 5% BSA for 1 hr at RT before being immunostained. Nuclei were washed with 5% BSA, scraped and collected in a tube.

### Coupling with beads

Dynabeads coupled with Anti-Rabbit secondary antibody (M-280; Thermo Fisher Scientific) were resuspended in 1 ml of Washing Buffer (Ca2 + and Mg2 + free (PBS), supplemented with 0.1% bovine serum albumin (BSA) and 2 mM EDTA, pH 7.4). With the help of a DynaMag^TM^−2 Magnet, the Dynabeads were washed. 5% BSA and NF-κB p65 Rabbit mAb (Cell Signalling Technology) were added to the beads and incubated with gentle tilting and rotation at RT for one hour. The unbound NF-κB p65 Rabbit mAb was removed using a DynaMag^TM^-2 Magnet. Dynabeads were washed with 5% BSA to ensure all unbound NF-kB p65 Rabbit mAb was removed.

These Dynabeads were then resuspended in the nuclei in 5% BSA and incubated for over 12 hours at 4 °C. The product obtained after the incubation was a tertiary complex comprised of Dynabeads coated with Anti-Rabbit secondary antibody, bound to NF-κB p65 Rabbit mAb, which was further bound to chromatin associated with NF-κB p65. The beads were washed with PBS, to ensure that the chromatin that was not associated with NF-κB p65 was washed off.

### Reverse crosslinking

Reverse crosslinking was performed by incubating the pulled-down contacts with 5 μl of Proteinase K (PK; Thermo Fisher Scientific) in 200 μl of PK buffer (30 mM Tris (pH8.0), 10 mM EDTA, 1% SDS) incubated at 65 °C for at least 90 min. Using DynaMag^TM^-2 Magnet the supernatant was separated from the Dynabeads. 50 μL of PK buffer was added to the bead fraction to elute any remaining DNA. The supernatant collected was purified using Qiagen PCR clean up to concentrate the DNA. This DNA was further amplified using REPLI-g Single Cell Kit (Qiagen). The amplified DNA was analysed using EpiTect ChIP qPCR array (Qiagen).

Statistical analysis
--------------------

Statistical significance was tested using an independent two-tailed student t test in Prism 6.0 (GraphPad). We repeated experiments a minimum of three times with sufficient n numbers for each repeat to be confident that reported results are representative. Error bars on graphs show ± standard error of the means (s.e.m.).
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![Brief overview of the chromosomal contacts imaging and EpiTect ChIP analysis.\
The DNA is digested by HindIII within the intact nucleus. For superresolution imaging, nuclei are not crosslinked, and the chromatin is immunostained with antibodies recognizing 5 S RNA pol2 and transcription factors (TFs). Following that, nuclei are subjected to osmotic shock, and then burst with compressive load to spread chromatin fragments on glass slides for imaging. For EpiTect ChIP analysis, crosslinked and digested chromatin fragments are pulled down with magnetic beads coated with an antibody recognizing the transcription factor NF-κB (p65). Chromosomal contacts associated with p65 are reversely crosslinked, and the DNA from the chromosomal contacts is purified and amplified, before performing EpiTect ChIP qRCR assay.](srep42422-f1){#f1}

![Superresolution imaging of digested chromatin fragments reveals YAP targeted chromosomal contacts.\
Superresolution images of (**a**) chromosomal contacts, (**b**) 5 S RNA pol2, and (**c**) YAP. The red arrows indicate a TetraSpeck^TM^ bead. Scale bar: 10 μm. (**d**) Three-color superresolution image of chromosomal contacts (green), 5 S RNA pol2 (red), and YAP (blue). The red arrow indicates a TetraSpeck^TM^ bead. (**e**) Zoomed in images of regions indicated by white boxes in (**d**). Scale bar: 200 nm. (**f**) Bar graph quantifying the percentage of chromosomal contacts associated with both 5 S RNA pol2 and YAP in cells cultured on either anisotropic (rectangle) or isotropic (circle) substrates. Data is given as mean ± SD with 10 \< n \< 20. \*\*P \< 0.01; Two sample student's t test.](srep42422-f2){#f2}

![Superresolution imaging of digested chromatin fragments reveals SRF targeted chromosomal contacts.\
(**a**) Three-color superresolution image of chromosomal contacts (green), 5 S RNA pol2 (red), and SRF (blue). The red arrows indicate a TetraSpeck^TM^ bead. Scale bar: 10 μm. (**b**) Zoomed in images of regions outlined with white boxes in (**a**). Scale bar: 200 nm. (**c**) Bar graph quantifying the percentage of chromosomal contacts associated with both 5 S RNA pol2 and SRF in cells cultured on either anisotropic (rectangle) or isotropic (circle) substrates. Data is given as mean ± SD with 10 \< n \< 20. \*\*P \< 0.01; Two sample student's t test.](srep42422-f3){#f3}

![Superresolution imaging of digested chromatin fragments reveals a differential amount of p65 target chromosomal contacts in response to geometric confinement or cytokine induction.\
(**a**) Three-color superresolution image of chromosomal contacts (green), 5 S RNA pol2 (red), and p65 (blue). The red arrows indicate a TetraSpeck^TM^ bead. Scale bar: 10 μm. Insets: zoomed in images of the regions outlined by orange boxes. Scale bar: 200 nm. (**b**) Bar graph quantifying the percentage of chromosomal contacts associated with both 5 S RNA pol2 and p65. Data is given as mean ± SD with 10 \< n \< 20. \*P \< 0.05; one-way ANOVA test.](srep42422-f4){#f4}

![EpiTect ChIP qRCR analysis reveals particular genes with differential enrichment of p65 at the promoters in response to geometric confinement or cytokine induction.\
(**a**) Color map of genes with differential p65 enrichment. The cutoff of fold change is 1.5. (**b**) Bar graph quantifying the p65 enrichment of genes indicated with darker colors in (**a**).](srep42422-f5){#f5}
